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(54) Method for separating substances using dielectrophoretic forces 



(57) The present invention has an object of provid- 
ing a method by which two kinds or more of molecules 
can be separated each other by using dielectrophoretic 
forces. The present invention comprises two methods. 
The first method is a method comprising forming a com- 
plex substance of a "specific molecule" containing in a 
sample, and a "substance capable of changing dielec- 
trophoretic properties of the specific molecule", which 
binds to the "specific molecule" contained therein, and 



thereby separating the complex substance and the mol- 
ecules other than the specific molecule in the sample 
from each other. The second method is a method com- 
prising placing a solution in which two kinds or more of 
molecules are dissolved under a strong electric field 
strength, that is, under a nonunifomi electric field having 
an electric field strength of 500 KV/m or higher, by using 
dielectrophoretic forces. 
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2662 (1994) describes that from suspensions containing HL-60 cells and normal blood cells, respective cells can be 
separated; Microbiology, 140, 585-591 (1994) describes that from suspensions containing different microorganisms, 
the microorganisms can be separated into different species of yeast and bacteria from one another; Journal of Biotech- 
nology, 32, 29-37 (1994) describes that from suspensions containing living and dead cells of yeast, both cells can be 
5 separated from each other ; and J. Phys. D: Appl. Phys., 31, 25-30 (1 998) describes that from suspensions containing 
■ latex particles having a diameter of 93 nm and 21 6 nm, both particles can be separated by dieiectrophoresis and elec- 
tro-fluid forces from each other. 

[0011] Additionally, M. Washizu, et al., IEEE Transaction lA, vol. 30, No. 4, pp. 835-843 (1994) reported that using 
solutions containing a single biological component as samples, the component for example, avidin (68 kDa), concana- 

10 valin A (52 kDa), chymotrypslnogen A (25 kDa), or ribonuclease A (13.7 kDa)] is captured on the electrode by dielec- 
trophoretic forces, and also using solutions containing a single biological component as samples, the component can 
be captured on the electrode by dielectrophoretic forces [the capture ratio was 100 % when using a sample of 48.5 kb 
DNA alone, about 60 % when using a sample of 15 kb DNA alone, about 50 % when using a sample of 9 kb circular 
DNA alone, and a few % using a sample of avidin (68 kDa) alone]. 

15 [0012] However, reports on separation methods with conventional dielectrophoretic forces as described above are 
limited to separating particles having a low solubility in a solution, relative to DNAs and proteins, such as various cells 
and latex particles, or othenwise only capturing a single (one kind of) DNA or protein, and any report has not been pre- 
sented yet on separation of respective molecules form solutions in whbh are dissolved two or more kinds of biological 
component molecules, in particular, such as tor example DNAs and proteins. 

20 [0013] This is because two kinds or more of molecules such as proteiris and DNAs , which have a very small phys- 
ical size, as compared with celts and latex particles, are considered to be difficult in separation from each other from 
solution in which those molecules are dissolved on the basis of the difference between the size of respective molecules 
by using dielectrophoretic forces, since the strength of dielectrophoretic forces depends on the physical size of sub- 
stances, so that substances having a larger volume will receive a larger dielectrophoretic force, and also because con- 

25 ventional separation has been earned out at a weak electric field strength lower than 500 KV/m, whereby separation is 
not achievable. 

SUMMARY OF THE INVENTION 

30 [0014] It is an object of the present invention to provide a method for separating two or more kinds of molecules 
each other by using dielectrophoretic forces, 

[001 5] It is also an object of the present invention to provide a method for separating each other two or more kinds 
of molecules dissolved in a solution , by using dielectrophoretic forces , such separation having so for been impossible. 
[0016] Furthemiore, it is an object of the present invention to provide a method capable of rapidly and readily sep-. 
35 arating respective molecules from a solution in which are dissolved two or more kinds of molecules, for example, bio- 
logical component molecules such as DNAs and proteins, such separation having so for been impossible by 
dielectrophoretic forces. 

[0017] The present invention is can-ted out for purpose of solving the above mentioned problenre and, for the first 
time, has achieved the successful separation of two or more kinds of molecules, such separation having so for been 

40 impossible by using dielectrophoretic forces by means of two types of methods described below. 

[0018] The first method comprises forming a complex substance of a "specific molecule" in a sample and a "sub- 
stance capable of changing dielectrophoretic properties of the 'specific molecule' which binds to the 'specify molecule' 
contained therein" and thereby separating the complex substance and the molecules other than the specific molecules 
in the sample from each other. In so far know separation methods with dielectrophoretic forces, separation has not facil- 

45 itated at all by forming such a complex substance, and such an idea has not recognized at all in the past. 

[0019] The second method comprises placing a solution in which two or more kinds of molecules, in particular, for 
example, biological component molecules such DNAs and proteins are dissolved under a strong electric field , that is, 
a nonuniform electric field having an electric field strength of 500 KV/m or higher. It is a new finding unknown to date 
that respective molecules can be separated each other by such a method. 

50 [0020] Therefore, the present invention relates to: (1 )(a) a method for separating a complex substance of a "specific 
molecule" in a sample and a "substance capable of changing dielectrophoretic properties of the specific molecule" 
which binds to the "specific molecule" from molecules other than the "specific molecule" in the sample, comprising 
forming the complex substance of the "specific molecule" and the "substance capable of changing dielectrophoretic 
properties of the specific molecule", and applying the resulting reaction mixture containing the complex substance to 

55 dieiectrophoresis, and separating the complex substance from molecules other than the "specific molecule"; and 
a method for measuring the "specific molecule" in the separated complex substance or a molecule other than the 'spe- 
cific molecule" in the sample; and 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0022] 

5 Figure 1 is a representation showing the principle of dielectrophoresis. 

Rgure 2 is a representation shewing specific examples of electrodes used in the present invention. 

Figure 3 is a representation showing one embodiment of electrode substrates having the flow path used in the 
10 present invention. 

Rgure 4 is a schematic view of the dielectrophoresis electrode substrate manufactured in Reference Example 1 . 
Rgure 5 is a schematic view of the electrode manufactured in Reference Example 1 . 

15 

Figure 6 is a schenoatic view of the electrode substrate having the flow path manufactured in Reference Example 2. 

Rgure 7 is a schematic view of the section along the line a-a' of Rgure 6. 

20 Rgure 8 is a graph showing the relationship between biotin concentrations and capture ratios obtained in Example 
1. 

Figure 9 is fluorescent images on the electrode obtained in Example 2, talcen by a laser microscope before and dur- 
ing applying an electric field. 

25 

Rgure 10 is a graph showing the relationship between AFP concentrations and image output concentrations 
obtained in Example 2. 

Figure 11 is a graph showing the relationship between AFP concentrations in serum and image analysis concen- 
30 trations obtained in Example 2 

Rgure 12 is a schematic view of electrode before and during applying an electric field and a fluorescence micro- 
scope photographs during applying an electric field obtained in Example 3. 

35 Figure 13 is a graph showing changes over time of the amount of fluorescence at the outlet of the flow path 
obtained by using a labeled X DNA solution in Experimental Example 2. 

Figure 14 Is a graph showing changes over time of the amount of fluorescence at the outlet of the flow path 
obtained by using a labeled oligonucleotide solution in Experimental Example 2. 

40 

Figure 1 5 is a graph showing the relationship between the electric field strengths and the capture ratios of a labeled 
A. DNA obtained in Example 4. 

Figure 1 6 Is a graph showing the relationship between the electric field strengths and the capture ratios of a labeled 
45 IgM or a labeled BSA obtained in Example 5. 

Figure 17 is a graph showing the relationship between biotin-labeled X DNA concentrations and the capture ratios 
obtained in Example 6. 

50 DETAILED DESCRIPTION OF THE PREFERED EMBODIMENT 

[0023] Embodiments of the present invention will be described as follows. 
[0024] Dielectrophoresis forces are forces resulting from the phenomenon described below. 
[0025] Namely, as shown in Figure 1, a neutral molecule placed in an electric field has a positively induced polari- 
55 zation charge +q downstream the electric field and a negatively induced polarization charge -q upstream the electric 
field, respectively, thus +q receives a force of +qE from the electric field E and this portion is pulled downstream in the 
electric field, whereas -q receives a force of -qE from the electric field E and this portion is pulled upstream in the elec- 
tric field. If the molecule is neutral, +q and -q have an equal absolute value, and If the electric field is uniform regardless 
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ticular position on the dielectrophoretic electrode, and more preferably, a substance which can allow any one of these 
to gather at a strong electric field strength region on the dielectrophoresis electrode by positive dielectrophoretic forces 
and the others to gather at a weak electric field strength region on the dielectrophoresis electrode by negative dielec- 
trophoretic forces; or the like. 

5 [0033] Such a substance includes Inorganic metal oxides such as silica and alumina; metals such as gold, titanium, 
iron, and nickel; inorganic metal oxides and the like having functional groups Introduced by stiane coupling process and 
the like; living things such as various microorganisms and eukaryotic cells; polysaccharides such as agarose, cellulose, 
Insoluble dextran; synthetic macromolecular compounds such as polystyrene latex, styrene-butadiene copolymer, sty- 
rene-methacrylate copolymer, acrolein-ethylene glycol dimethacrylate copolymer, styrene-styrenesufonate latex, poly- 

10 acrylamide, polyglycidyl methacrylate, polyacroleln-coated particles, crosslinked polyacrylonitrile, acrylic or acrylic 
ester copolymer, acrylonitrile-butadiene, vinyl chloride-acrylic ester and polyvinyl acetate-acrylate; biological molecules 
such as erythrocyte, sugars, nucleic adds, proteins and lipids, and the like. 
[0034] These substances are usually used in the form of fine particles to granules. 

[0035] A "substance binding to a specific molecule" which can be used in the present invention may not be limited 

15 in particular and includes a substance which, from a "specific molecule" in a sample, can fomn a complex substance of 
the "specific molecule", a "substance binding to the specific molecule" and a "specific substance capable of changing 
dielectrophoretic properties", and does not substantially fomri a complex substance of "molecules other than the specific 
molecule", the 'substance binding to the specific molecule" and the "specific substance capable of changing dielectro- 
phoretic properties". In short, so long as the substance does not fomi the latter complex substance of the above-men- 

20 tioned three substances , it can be used fpr this purpose even if it binds to molecules other than the "specific molecule". 
Actually, a "substance specifically binding to the specific molecule" is preferably used. 

[0036] A "substance binding to a specific molecule" refers to a substance binding to a 'specific molecules" by 
mutual reactions such as an "antigen"-"antibody" reaction, a "sugar chain"-"lectin" reaction, an "enzyme"-"inhibitor". 
reaction and a "protein"-"peptide chain" reaction, a "chromosome or nucleotide chain"-"nucleotide chain" reaction. If 

25 one partner is a specific molecule (molecule to be measured) in each combination described above, the other is a "sub- 
stance binding to a specific molecule (molecule to be measured)" as described above. For example, if a specific mole- 
cule (molecule to be measured) is an "antigen", a "substance binding to the specific molecule (molecule to be 
measured)" is an "antibody", and if a specific molecule (molecule to be measured) is an "antibody", a "substance bind- 
ing to the specific molecule (molecule to be measured)" is an "antigen" (other combinations described above have a 

30 similar relationship). 

[0037] It is suitable that the "substance binding to the specific molecule (molecule to be measured)" binds at least 
to the "specific molecule", and it does not necessarily specifically bind only to the specific molecule. However, In the 
case where a "substance binding to the specific molecule (molecule to be measured)" is not a substance which does 
not specifically bind to the specific molecule, the "substance capable of changing dielectrophoretic properties of the 
35 specific molecule" to be used in tiie combination is generally one binding specifically to the "specific molecule", or one 
having properties of binding specifically to a new site fomried by forming a complex substance of the "specific molecule" 
and the "substance binding to the specific molecule (molecule to be measured)". 

[0038] Such a "substance binding to the specific molecule (molecule to be measured)" is generally one which can 
be measured (detected) or labeled by a labeling substance by some method. The use of a substance having such a 

40 property will make it possible to measure (detect) a specific molecule (molecule to be measured) in a sample. In the 
case where a specific molecule (molecule to be measured) itself can be detected by some-method (for example, an 
enzyme or the like), or where a specific molecule (molecule to be measured) can bind directly to a labeling substance 
without (via) a "substance binding to the specific molecule", the specific molecule (molecule to be measured) in a sam- 
ple can be measured (detected), even if the "substance binding to the specific molecule" possesses no such a property 

45 described above, or the "substance binding to the specific molecule" is not employed. Examples as can be detected 
itself by some method are enzymes, dyes, fluorescent substances, luminescent substances, substances having 
absorption in the ultra-violet region, and the like. 

[0039] Labeling substances which can be used in the present invention are any substances usually used in the art, 
including enzyme immunoassay (EIA), radioimmunoassay (Rl A), fiuoroimmunoassay (FIA), hybridization, and the like, 

50 and they are exemplified by enzymes such as alkaline phosphatase (ALP), p-galactosidase 0-Gal). peroxidase (POD), 
microperoxidase, glucose oxidase (GOD), glucose-6-phosphate dehydrogenase (G6PDH), malate dehydrogenase and 
luciferase; dyes such as Coomassie Brilliant Blue R250 and methyl orange; radioisotopes such as ^^"^Tc, ''^''l, ""^^l, """^C, 
^H, and ^^S; fiuorescent substances such as fluorescein, rhodamine, dansyl, fluorescamine, coumarin, naphthyl- 
amine or their derivatives and europium (Eu); luminescent substances such as luciferin, isoluminol, luminol and 

55 bis(2,4,6-trlfluorophenyl) oxalate; substances having absorption in the ultra-violet region such as phenol, naphthol, 
anthracene and their derivatives; substances having properties as spin labeling agents exemplified by compounds with 
oxyl groups such as 4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl, 3-amino-2,2,5,5-tetramethylpyrroridine-1-oxyl and 
2,6-di-t-butyl-a-(3,5-di-t-butyM-oxo-2,5-cyclohexadien-1-ylidene)-p-tolyloxyl, and the like. 
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K*((o)=Ep*-e^VEpV2e„* (2) 

5 wherein Ep, Cm. <5p. permittivity and conductivity of tiie particle and the solution, and complex quantities are 

designated by *. 

[0049] Equation (1 ) indicates that if Re[K*(()o)] > 0 , the force works such that the electric field attracts the particle 
toward a strong side (positive dielectrophoretic, positive DEP), and if Re[K*(a))] < 0 , the force works such that the elec- 
tric field pushes the particle toward a weak side (negative dielectrophoretic, negative DEP). 

10 [0050] It can be understood from the above-mentioned general equation of dielectrophoretic forces that parameters 
Involved in dielectrophoretic forces of substances receiving dielectrophoretic forces are, in general, permittivity and con- 
ductivity of the substances and the medium, the size of the substances, and the frequency of the applied electric field. 
These parameters should be set appropriately, depending on the type of separation improving substances to which a 
detecting complex substance has bound and labeling substances using for the detection of the specific molecule (nnol- 

15 ecule to be measured). Although it can not be mentioned in general, the pemiittivity of the medium employed is usually 
is not more than 13 mS/cm (as PBS concentration), and preferably not more than 1 mS/cm, For the size of the separa- 
tion improving substances, in the case of particles, an average particle size is usually not more than 1 mm, and prefer- 
ably 0.025 to 100 ^m, and in the case of biological molecules, the size is usually more than 10 nm, and preferably more 
than 500 nm (estimated fonn sizes of nomrial protein molecules of a few to some tens nanometers). 

20 

(Electric Reid Used for Dielectrophoretic Separation Employing Separation Improving Substances) 

[0051] It can be said from the above-mentioned general equation of dielectrophoresis that parameters involved in 
dielectrophoretic forces of an applied electric field are the strength of the applied electric field and the applied fre- 

25 quency. In particular, even if substances are identical, since the applied frequency may cause changes in positive and 
negative dielectrophoretic properties, the parameters are to be set appropriately according to the specific molecule 
(molecule to be measured). These parameters should be set appropriately depending on the type of separation improv- 
ing substances to which a detecting complex substance has bound and labeling substances using for the detection of 
the specific molecule (molecule to be measured). Although it can not be mentioned in general, if a separation improving 

30 substance of dielectrophoresis has a positive dielectrophoresis, the applied electric field strength is usually not more 
than 3.5 MV/m, and preferably not more than 1 .0 MV/m. If a separation improving substance of dielectrophoresis has a 
negative dielectrophoresis, the electric field strength is not more than 3.5 MV/m. The applied frequency is usually in the 
region of 100 Hz to 10 MHz, and preferably 1 kHz to 10 MHz. 

[0052] In the present invention, the electric field to be applied can be any of an AC electric field and a DC electric 
35 field , and it Is generally preferable to use the AC electric field. 

(Separation Method with Separation Improving Substances of Dielectrophoresis) 

[0053] Separation methods of a specific molecule employing separation improving substances can be classified 
40 into two types as described below: 

(Separation Method-1) 

[0054] First, in the case where a separation improving substance is a substance which has the same positive or 
45 negative dielectrophoretic forces as molecules other than the specific molecule (molecule to be measured) [for exam- 
ple, a free labeling-substance (for example a specific substance labeled by a labeling substance which is not Involved 
in a complex substance) employed for the detection of the specific molecule and the like] and is influenced by dielectro- 
phoretic forces larger than the specific molecule (molecule to be measured), substantially, only the separation improv- 
ing substance and the specific molecule bound to the separation Improving substance are received large 
so dielectrophoretic forces and separated. 

[0055] That Is, (1) for example, the specific molecule can be separated from the molecules other than the specific 
molecule by setting of the electric field strength and medium conditions in such away that the separation improving sub- 
stance and a molecule bound to the separation improving substance gather at a particular position on the dielectro- 
phoresis electrode by dielectrophoretic forces, and the molecules other than the specific molecule (molecule not to be 
55 measured) [for example, a free labeling-substance employed for the detection of the specific molecule and the like] do 
not gather. 

[0056] Additionally, (2) for example, separation can be carried out employing so-called dielectrophoretic chroma- 
tography apparatus (Field Flow Fractionation apparatus) in which separation is carried out with the interaction between 
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a "separation improving substance", processes as described above are not required. 
Such a "separation improving substance" includes, for example, nucleic acids, proteins, lipids, and the like. 
[0064] In the present invention, "separating the complex substance from the molecules other than the 'specific mol- 
ecule' contained in the sample" does not necessary mean to separate (isolate) only the "complex substance" (for exam- 

5 pie the complex substance of the specific molecule and the separation improving substance), but means to separate 
one or more kinds of substances other than the "complex substance" which co-exist in the sample and the "specific mol- 
ecule" from each other depending on the purpose. In this case, if conditions are set as appropriate and the separation 
method according to the present invention is repeated, the "specific molecule" can be isolated as a complex substance 
thereof with the separation improving substance.ln short, the object is to make it possible to measure an amount of the 

10 "specific molecule" or the " molecules other than the specific molecule" in a sample. 

[0065] According to the separation method of the present invention as described above, the "specific molecule" 
(including cases of being collecting as a complex substance of the specific molecule and a separation improving sub- 
stance) or the molecules other than the "specific molecule" can be collected. 

[0066] Namely, in the case of (1) of Separation Method-1 described above, for example, the molecules other than 

15 the specific molecule" can be collected by washing the electrode with an appropriate buffer usually employed in the art, 
water, or the like while applying an electric field with such conditions that the specific molecule is captured as a complex 
substance with a separation improving substance at a particular position on the electrode and the other molecules are 
not captured at a particular position on the electrode, and then the specific molecule (a complex substance of the spe- 
cific molecule and the separation improving substance) can be collected by ceasing from applying the electric field and 

20 washing the electrode with an appropriate buffer usually employed in the art, water, or the like. 

[0067] In the case of (1) of Separation Method-2 described above, the separation improving substance and the mol- 
ecule bound to the separation improving substance on one hand , and the molecules other than the specific molecule 
on the other hand move to substantially different electric field regions respectively on the dielectrophoresis electrode by 
dielectrophoretic forces, so that these moving molecules can be collected separately and respectively. 

25 [0068] In the case where the separation is carried out by method (2) of Separation Method-1 described above, the 
specific molecule or the other molecules can be collected respectively by collecting at first a mobile phase which con- 
tains the molecules other than the specific molecule receiving small dielectrophoretic forces and moving without being 
captured at a particular position on the electrode, and after that, collecting a washed solution which contains the spe- 
cific molecule by moving the specific molecule receiving large dielectrophoretic forces which is captured at a particular 

30 position on the electrode during applying the electric field by ceasing from applying the electric field and washing the 
electrode with an appropriate buffer usually employed in the art, water, or the like. 

[0069] In the case where the separation is carried out by method (2) of Separation Method-2 described above, the 
specific molecule or the other molecule can be collected respectively, under conditions where the separation improving 
substance and the specific molecule bound to the separation improving substance have positive dielectrophoretic 

35 forces and the molecules other than the specific molecule have negative dielectrophoretic forces, by collecting at first a 
mobile phase which contains the molecules other than the specific molecule having negative dielectrophoretic forces 
and moving without being captured at a particular position on the electrode, and after that, collecting a washed solution 
which contains the specific molecule by moving the specific molecule having positive dielectrophoretic forces which is 
captured at a particular position on the electrode during applying the electric field by ceasing from applying the electric 

40 field and washing the electrode with an appropriate buffer usually employed in the art, water, or the like. Alternatively, 
the specific molecule or the othar molecule can be collected respectively , under conditions where the molecules other 
than the specific molecule have positive dieiectrophoretk: forces and the separation improving substance and the spe- 
cific molecule bound to the separation improving substance have negative dielectrophoretic forces, by collecting at first 
a mobile phase which contains the specific molecule having negative dielectrophoretic forces and moving without being 

45 captured at a particular position on the electrode, and after that, collecting a washed solution which contains the mole- 
cules other than the specific molecule by moving the molecules having positive dielectrophoretic forces and having 
been captured at a particular position on the electrode during applying the electric field by ceasing from applying the 
electric field and washing the electrode with an appropriate buffer usually employed in the art, water, or the like. 
[0070] Buffers which can be employed include buffers which are usually employed in the art, for example, 

50 tris(hydroxymethylaminometane) buffers, Good's buffers, phosphate buffers, borate buffers, and the like. 

[0071] A complex substance of the two members mentioned above (the "specific molecule" and the "substance 
capable of changing dielectrophoretic properties of the specific molecules" ) cannot be usually separated from the "sub- 
stance capable of changing dielectrophoretic properties of the specific molecules" by dielectrophoresis. Further, a com- 
plex substance of the three members mentioned above (the "specific molecule" and the "substance binding to the 

55 specific molecule' and the "substance capable of changing dielectrophoretic properties of the specific molecules") can- 
not be usually separated from a complex substance of the "substance binding to the specific molecule" and the "sub- 
stance capable of changing dielectrophoretic properties of the specific molecules" and the free "substance capable of 
changing dielectrophoretic properties of the specific molecules" by dielectrophoresis. Even if the separation are not 
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tions of these samples derived from a living body with water, buffers, or the like, or those obtained from reconstitution 
by appropriately dissolving or suspending molecules as describes above from these body-derived samples in water, 
buffers, or the like. In the present invention, solutions in which two or more kinds of molecules are dissolved also include 
those containing molecules as described above, which are chemically synthesized. 

5 [0082] Buffers which can be employed include buffers which are usually employed in the art, for example, 
tris(hydroxymethylaminometane) buffers, Good's buffers, phosphate buffers, borate buffers, and the like. 
[0083] When solutions as described previously has a high conductivity, Joule heat generates by the current flowing 
in the solution as the voltage is applied, resulting in possibilities of boiling the solution. Therefore, it is preferable that 
the solutions are used with appropriate adjustment such that the conductivity is usually in the range of not more than 

10 1 0 mS/cm, preferably not more than 200 jiS/cm. 

[0084] In the present invention, an electrode having a structure capable of fomriing a horizontally and vertically non- 
uniform electric field is one made of conductive materials such as, for example, aluminum, gold, and the like. Its struc- 
ture can be any structure capable of causing dielectrophoretic forces, that is, forming a horizontally and vertically 
nonunifomn electric field, including, for example, an interdigital shape [J. Phys. D: Appl. Phys. 258, 81-89 (1992); Bio- 

75 chim. Biophys. Acta., 964, 221-230 (1988), and the like]. More specifically, as shown in Figure 2, shapes of triangle, 
square, trapezoid, sine-wave, or sawtooth, or the like are preferable, and structures with regulariy and continuously 
repeating arrangements of these can be possible. When the electrode is used for the purpose of collecting a specific 
molecule, an elertrode having a structure with such a regularly and continuously repeating arrangement is preferable. 
[0085] Such an electrode is usually manufactured by placing an electrode having one or more pairs of the above- 

20 mentioned shapes in a comb-teeth manner on a substrate made of non-conductive materials such as, for example, 
glass, quartz, silicon, and the like employing micromachining technology known perse [Biochem. Biophys. Acta., 964, 
221-230. and the like]. The distance between adjacent (facing) electrodes is not specified in particular, if a nonuniform 
electric field having a strong electric field strength can be formed, and although it can not be mentioned in general, 
should be appropriately set, depending on the type of molecules to be measured. For example, in the case of peptide 

25 chains, proteins, and the like, the distance between the widest portions in the electrode (minimum gap) is usually not 
more than 1 0 ^im, preferably 5 jim, and in the case of nucleotide chains (polynucleotides, oligonucleotides) and the like, 
not more than 1 00 inm, preferably not more than 50 ^im. In the case of chromosomes, the minimum gap is usually not 
more than 50 tun, preferably not more than 1 0 nm. It should be noted that if the distance between the adjacent (facing) 
electrodes is too large relative to the molecule of interest, it is impossible to form a nonuniform electric field having a 

30 sufficient electric field, and the distance is too small, it may be impossible to capture the molecule of interest 

[0086] The separation method according to embodiment @ of the present invention can be earned out, for exam- 
ple, in the following ways. 

Method A 

35 

[0087] In order to separate two or more kinds of molecules dissolved in a solution each other by placing a solution 
in which the two or more kinds of molecules are dissolved under a nonuniform electric field formed with the electrode 
(electrode substrate) as described above, the separation can be performed according to differences in movement 
modes of molecules existing under a nonunifonm electric field by setting such appropriate conditions that the nonuni- 

40 form electric field is formed so as to move , only the molecule to be measured by dielectrophoretic forces (for example, 
only the molecule to be measured migrates to a particular position t>y dielectrophoretic forces and is captured at the 
particular position on the electrode, and the other molecules do not receive sufficient dielectrophoresis forces and are 
not captured at a particular position on the electrode). Alternatively, molecules can be separated at a weak position and 
a strong position in the electric field by setting such appropriate conditions that the molecule to be measured receives 

45 positive dielectrophoretic forces and the other molecules receive negative dielectrophoresis by adjusting the permittivity 
and conductivity of the medium and the frequency of the applied electric field. 

Method B 

so [0088] The separation can be perfomned by allowing the molecule to be measured to move into the nonuniform 
electric field formed with the use of the electrode (electrode substrate) as described above and the then utilizing inter- 
action caused therein between the dielectrophoretic forces caused to molecules by the electric field and the movement 
of the molecules. In this case, molecules receiving stronger dielectrophoretic forces move slower than those receiving 
weak dielectrophoretic forces, so that it is possible to make the separation of the molecules more easily. 

55 [0089] More specifically, an electrode substrate is employed which, as shown in Figure 3, has the above-mentioned 
electrode and such a flow path that a solution in which the two or more kinds of molecules are dissolved can move on 
the electrode, and with applying a voltage to the electrode, a solution in which two or more kinds of molecules are dis- 
solved can be allowed to move in a nonuniform electric field having an electric field strength of 500 kV/m or higher 
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substance 1, the specific molecule (the molecule to be measured) or the substance binding to the specific molecule in 
the complex substance 1 , or the free substance binding to the specific molecule which is not involved in the formation 
of the complex substance. 

[0099] In the above-mentioned methods, generally, as the substance binding to the specific molecule is used a 
5 "substance binding to the specific molecule" which can be measured (detected) itself or labeled with a labeling sub- 
stance by some method. 

[0100] Furthemnore, by the separation method of embodiment 0 of the present invention as described above is 
performed the separation of a complex of the specific molecule (the molecule to be measured), a substance binding to 
the specific molecule (or a molecule binding to the specific molecule labeled with a labeling substance), and a 'sub- 
to stance capable of changing die lectrop heretic properties of the specific molecule" (a complex substance 1) formed by 
reacting the specific molecule (the molecule to be measured), a substance binding to the specific molecule (or a mole- 
cule binding to the specific molecule labeled with a labeling substance) and a "substance capable of changing dielec- 
trophoretic properties of the specific molecule", from the free substance binding to the specific-molecule (or the free 
labeled substance binding to the specific-molecule). After that, it is possible to measure the presence or absence of the 
15 specific molecule (the molecule to be measured) in a sample by detecting the separated complex substance 1, based 
on the properties of the substance binding to the specific molecule in the complex substance 1 (or the labeling sub- 
stance bound to the substance binding to the specific molecule within the complex substance 1). 
[0101] Furthemnore, it is possible to measure not only the presence of the specific molecule (the molecular to be 
measured) in a sample, but also to determine the amount of the specific molecule (molecular to be measured) in a sam- 
20 pie quantitatively, for example, according to methods as described below. 

[0102] By the separation method of embodiment ® of the present invention as described above is performed the 
separation of a complex substance of the specific molecule (the molecule to be measured), a substance binding to the 
specific molecule (or a labeled substance binding to the specific-molecule labeled with a labeling substance), and a 
"substance capable of changing dielectrophoretic properties of the specific molecule" (a complex substance 1), from 
25 the free substance binding to the specific-molecule (or the free labeled substance binding to the specific-molecule 
labeled with a labeling substance). After that, it is possible to measure the amount of the substance binding to the spe- 
cific molecule in the complex substance 1 (or the amount of the labeling substance which is bound to the substance 
binding to the specific-molecule within the complex substance 1 ) or the amount of the free substance binding to the spe- 
cific-molecule (or the amount of the labeling substance which is bound to the free substance binding to the specif Ic-mol- 
30 ecule) by measuring methods in accordance with the properties of the substance binding to the specific molecule or the 
labeling substance, and thus, the amount of the specific molecule (molecule to measured) in a sample, can be meas- 
ured based on the amount. 

[0103] Alternatively, the specific molecule in a sample can be measured by so-called competitive methods in which 
a labeled specific molecule is employed for competitive reactions between the labeled specific-molecule and the spe- 

35 cific molecule in the sample. 

[0104] Therefore, it is possible that by contacting a sample containing the specific molecule, the specific molecule 
labeled with a labeling substance (the labeled specific-molecule) and a "substance capable of changing dielectro- 
phoretic properties of the specific molecule" with one another, a mixture of a labeled complex substance of the labeled 
specific-molecule and the "substance capable of changing dielectrophoretic properties of the specific molecule" and a 

40 complex substance of the specific molecule and the "substance capable of changing dielectrophoretic properties of the 
specific molecule' are formed and the mixture is subjected to di electrophoresis to separate the complex substance con- 
taining the labeled specific-molecule from the free labeled specific molecule, and the amount of the labefing substance 
bound to the labeled specific-molecule in the separated labeled complex substance or the amount of the labeling subt 
stance bound to the free labeled specific-molecule Is determined by measuring methods in accordance with the prop- 

45 erties of the labeling substance, and the amount of a specific molecule in a sample is detemnined on the basis of the 
obtained amount. 

[0105] In these above-mentioned methods, in order to determine the amount of the specific molecule in a sample 
on the basis of the resultant amount of the specific molecule, the substance binding to the specific molecule, or the 
labeling substance, the amount of the specific molecule in a sample can be calculated, for example, using respective 

50 calibration curves showing the relationship between the amounts of the specific molecule and the amounts of the labe- 
ling substance in the complex substance, the amount of the substance binding to the specific molecule in the complex 
substance (or the substance binding to the specific-molecule labeled by a labeling substance) , the amounts of the labe- 
ling substance of the free labeled specific molecule, or the amount of the free substance binding to the specific-mole- 
cule (or the labeling substance in the labeled substance binding to the specific-molecule labeled by a labeling 

55 substance), the calibration curves being obtained by carrying out measurements in a similar way with samples having 
known concentrations of the specific molecule. 

[01 06] Further a relative amount of the specific molecule in a sample can be calculated and an error found among 
the dielectrophoretic separation devices can also be connected, for example, by adding to a sample a known concen- 
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curve being obtained by canrying out nneasurements in a similar way with samples having Icnown concentrations of the 

molecule A. 

[0117] Further a relative amount of the specific molecule in a sample can be calculated and an en'or found among 
the dielectrophoretic separation devices can also be connected, for example, by adding to a sample a Icnown concen- 
5 tration of a detectable substance as an internal standard, and by comparing an amount of the internal standard with an 
amount of the labeling substance or the molecule B (or the labeled substance binding to the specific molecule) in a 
resulting complex substance, or an amount of the labeling substance in the free labeled molecule A or the free molecule 
B (or the labeling substance in the free labeled molecule 8). 

[0118] In the above-mentioned method, the detectable substance is one which can be measured(detected) itself or 

10 labeled with a labeling substance by some method. For example, the detectable substance includes the concrete exam- 
ple as the specific molecule mentioned above and the separation improving substance, provided that It is one other than 
the component contained in the sample and it cannot bind to the molecule to be measured. The labeling substance, 
and the labeling method are the same as described above. 

[0119] In the above-mentioned methods, the molecule specifically binding to the molecule A (a molecule B) is the 
15 same as the "substance specifically binding to the specific molecule" as described previously. 

[0120] Labeling substances which can be used in the present invention are any substances usually used in such 
arts, as enzyme immunoassay (EIA), radioimmunoassay (RIA), fluoroimmunoassay (FIA), hybridization methods, and 
the like, and they are exemplified by enzymes such as alkaline phosphatase (ALP), p-galactosidase (P-Gal), peroxidase 
(POD), microperoxidase, glucose oxidase (GOD), glucose-6-phosphate dehydrogenase (G6PDH), malate dehydroge- 
20 nase and luciferase; dyes such as Coomassie Brilliant Blue R250 and methyl orange; radioisotopes such as ^^"^c, ^*^^l, 
^^^1, ^^C, '^H, and fluorescent substances such as, for example, fluorescein, rhodamine, dansyl, fluorescamine, 
coumarin, naphthylamine or their derivatives and europium (Eu); luminescent substances such as tuciferin, isoluminol, 
luminol and bis(2,4,6-trifluorophenyl) oxalate; substances having absorption in the ultra-violet region such as phenol, 
naphthol, anthracene, and their derivatives; substances having properties as spin labeling agents exemplified by com- 
25 pounds with oxyl groups such as 4-amino-2,2,6,6-tetramethylpiperidine-1 -oxyl, 3-amino-2,2,5,5-tetramethylpyrroridine- 

1 -oxyl and 2.6-di-t-butyl-a-(3,5-di-t-butyl-4-oxo-2,5-cyclohexadien-1 -ylidene)-p-tolyloxyl, and the like. 

[0121] Labeling of a molecule A or a molecule B with a labeling substance can be performed by any one of usual 
methods commonly used in such arts, as labeling methods commonly employing in EIA, RIA, FIA, hybridization meth- 
ods, or the like, which are known perse [for example, Ikagaku Zikken Koza (Methods in Medical and Chemical Experi- 

30 ments) vol. 8, Edited by Y. Yamamuna, 1st ed., Nakayama-Shoten, 1 971 ; A. Kuwao, Illustrative Fluorescent Antibodies, 
1sted., Softscience Inc., 1983; Enzyme Immunoassays, Edited by E. Ishikawa, T. Kawai, and K. Miyai, 3rd. ed., Igaku- 
Shoin, 1987; Molecular Cloning: A Laboratory Manual, 2nd. ed., J. Sambrook, E. F. Fritsch, andT Maniatis, Cold Spring 
Harbor Laboratory Press, and the like], and usual methods employing reactions of avidin (or streptavidin) and biotin. 
[0122] In the measuring method of the present invention (the second method, embodiment 0), conditions in react- 

35 ing a molecule A and a molecule B (or a labeling molecule B) to fomn a complex substance 2, or reacting a molecule A, 
(or the labeled molecule A), and a molecule B to form a labeled complex substance can be such conditions that the for- 
mation of the complex substance 2 (or the labeled complex substance) is not inhibited. Therefore, such reactions can 
be candied out, for example, according to usual methods such as reaction conditions in forming the complex substance 

2 (or the labeled complex substance) in EIA, RIA, FIA, hybridization methods, or the like which is known per se. Also, 
40 in the first method of the present invention, reaction conditions in forming a complex substance 1 of a specific molecule 

(the labeled specific-molecule), a substance binding to the specific molecule, and a "substance capable of changing 
dielectrophoretic properties" [or of a specific material (the labeled specific-molecule) and "substance capable of chang- 
ing dielectrophoretic properties" ]or a labeled complex substance of the labeled specific-molecule, a substance binding 
to the specific molecule, and a "substance capable of changing dielectrophoretic properties" can be those according to 

45 the above-mentioned reaction conditions. 

[0123] In the method of embodiment ® of the present invention (the second method), the concentration of the mol- 
ecule B (or labeled molecule B) used in reacting the molecule A and the molecule B (or the labeled molecule B) to form 
a complex substance 2 can not be mentioned in general due to varying according to the detection limit of the molecule 
A and the like, and it is preferable that the molecule B (or the labeled molecule B) is usually present in reaction solutions 

50 over a concentration allowing to bind to all of the molecules A corresponding to the given detection limit concentration, 
preferably over twice such a concentration, more preferably overfive times higher such a concentration. Also, according 
to these conditions can be set the concentration of the "specific molecule" and the "substance binding to the specific 
molecule" (or the labeled "substance binding to the specific molecule"), or the "substance capable of changing dielec- 
trophoretic properties of the specific molecule" to be used in the method of embodiment 0 of the present invention (the 

55 first method). 

[0124] In the method of embodiment @ of the present invention (the second method), the concentration of the 
labeled molecule A and the molecule B used in reacting the molecule A, the labeled molecule A, and the molecule B to 
form a labeled complex substance can be set as appropriate, depending on what level the detection limit of the mole- 



17 




EP 1 088 592 A2 



fluorescence, luminescence, chromogen, spin, or the like. 

[0128] An eluting solution from the electrode substrate as described above can be guided directly to a detection unit 
, wherein the molecule B in the complex substance 2 (or the labeling substance bound to the molecule B in the complex 
substance 2) in the eluting solution, the free molecule B (or the labeling substance bound to the free, labeled molecule 

5 B) in the eluting solution, the substance binding to the specific molecule in the complex substance 1 (or the labeling 
substance bound to the substance binding to the specific molecule in the complex substance 1) in the eluting solution, 
the free substance binding to the specific-molecule (or the free labeled substance binding to the specific-molecule) in 
the eluting solution, the labeling substance bound to the labeled molecule A in the labeled complex substance in the 
eluting solution, the labeling substance bound to the free, labeled molecule A in the eluting solution, the labeling sub- 

10 stance bound to the labeled specific-molecule in the labeled complex substance in the eluting solution, or the labeling 
substance bound to the free, labeled specific-molecule in the eluting solution can be measured directly. Alternatively, a 
similar measurement to the above can be conducted with the use of the electrode equipped with the detection unit. By 
using such methods as above, measurements can be conducted more rapidly. 

[0129] In this case, if enzyme activities are the properties which are detectable by some method and possessed by 

15 molecule B, the substance binding to the specific molecule, the specific molecule or the labeling substance, it is neces- 
sary to provide a reaction unit between the downstream terminal of the electrode on the substrate and the detection 
unit, to which reagents for measuring the enzyme activities are supplied to can7 out the reaction with the eluting solu- 
tion. The reagents for measuring the enzyme activities used in the reaction unit may be those which are prepared 
according to the methods described in Enzyme Immunoassays (Proteins, Nucleic acids, and Enzymes, Extra issue No. 

20 31), Edited by T. Kitagawa. T Nambara, A. Tsuzi, and E. Ishikawa. pp. 51-63, Kyoritsu Publishing Inc., Published on 
September 10. 1987) and the like, or employed reagents of commercial available kits for clinical test may be selected 
appropriately for this use. Also in the case where the properties of the molecule B or the labeling substance are not 
enzyme activities, it is optional to provide an suitable reaction unit between the downstream tenninal of the electrode 
on the substrate and the detection unit, to which predetermined reagents are supplied to react for the purpose of 

25 increasing the detection sensitivity and the like. 

[0130] Among the two measurement methods, in the latter method, that is, the method in which respective mole- 
cules are guided to the detection unit after the separation on the electrode, it is likely that the efficiency of separation is 
reduced, or the detection sensitivity of the molecules which have been separated is reduced, due to influences by, for 
example, the flow rate of the eluting solution, the shape of the elution flow path, the diffusion into the eluting solution of 

30 each molecule during moving to the detection unit, and the like. Therefore, if only a specific molecule is intended to be 
detected, the fonner method, that is, the method in which the separated respective molecules are detected by observ- 
ing directly the surface of the electrode after the separation on the electrode is advantageous, for example, because this 
method can overcome various problems resulting from influences by the diffusion, for instance as described above, and 
additionally the time required from separation to detection can be reduced by this method since there is no need for 

35 guiding the separated respective molecules to the detection unit. Also, this method is advantageous, for example, in that 
the method leads to reducing the space of the substrate since the reaction, separation, and detection are carried out 
on the electrode substrate, and thus the reaction, separation, and detection units can be integrated, and furthermore a 
detecting device itself can be expected to be miniaturized , since the feeding of a eluting solution is not required. 
[0131] The measurement methods of the present invention can be carried out according to known methods per se 

40 as described above, except for employing the separation methods of the present invention, and used reagents are also 
selected as appropriate according to methods known per se. 

[0132] It is advantageous to canning out the above-mentioned methods of the present invention to prepare, in 
advance, a dielectrophoretic measurement kit comprising reagents and the others for use in carrying out the present 
invention. 

45 [0133] Specifically, the dielectrophoretic measurement kit of the present invention comprises a "substance binding 
to the specific molecule" and a "substance capable of changing dielectrophoretic properties of the specific molecule", 
wherein these substances can form a complex substance with the "specific molecule" in a sample. 
[0134] Alternatively, the dielectrophoretic measurement kit of the present invention comprises the "specific mole- 
cule labeled with a labeling substance", a "substance binding to the specific molecule", and a "substance capable of 

50 changing dielectrophoretic properties of the specific molecule", wherein these substance can form a complex sub- 
stance with the "specific molecule" in a sample or the "specific molecule labeled with a labeling substance". 
[0135] In the above-mentioned kits, preferable embodiments and specific examples of the "substance binding to the 
spedfic molecule", the "substance capable of changing dielectrophoretic properties of the specific molecule", and "spe- 
cific molecule labeled with a labeling substance" are as described above, and the "substance capable of changing die- 

55 lectrophoretic properties of the specific molecule" is preferably a substance binding to either or both of the "specific 
molecule" and the "substance binding to the specific molecule'. The above-mentioned kits can further be combined 
with a dielectrophoretic apparatus. 

[0136] In addition , the kits can also contain reagents usually used in the art as described above, standards of the 
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a solution In which the molecules were dissolved to flow on the electrode was added to the electrode substrate. 
[0149] Figures 6 and 7 show the schematic views of the electrode substrate having the fomried flow path and the 
section along the line a-a', respectively. In Figure 6, 1 indicates the electrode, and the anrow represents the direction of 
the movement of a solution in which two or more kinds of molecules are dissolved. 

5 

Example 1: 

Detection of blotin molecules with a dielectrophoretic chromatography apparatus (Field-Flow Fractionation apparatus) 

10 [0150] Blotin was bound to X DNA as a separation improving substance of dielectrophoresis to give biotlnylated X 
DNA, which was then mixed with a fluorescein-labeled anti-biotin antibody to carry out the antigen-antibody reaction 
with the use of the resultant as a sample, quantitative detection of biotin molecules was carried out with a dielectro- 
phoretic chromatography apparatus. 

75 (Reagents) 

[0151] The biotlnylated X DNA in which biotin was coupled with X DNA was prepared using Photo-Biotin Labeling 
Kit (Nippon Gene Co. Ltd.) according to the appended preparing protocol. The components were then mixed at ratios 
as shown in Table 1 In 50 mM PBS (pH 7.5) to carry out the antigen-antibody reaction. The concentration of total X DNA 
20 in each sample was adjusted to 0.32 nM by adding non-biotinylated X DNA , which is equal to the concentration of the 
biotlnylated X DNA in the sample having a biotin concentration of 128 nM (Sample No. 5). 



Table 1 



30 



Sample No. 


Concentration Biotin 


Fluorescein-labeled anti- 
biotin antibody 


1 


OnM 


5.7 nM 


2 


0.8 nM 


5.7 nM 


3 


1.6 nM 


5.7 nM 


4 


3.2 nM 


5.7 nM 


5 


128 nM 


5.7 nM 



35 

[0152] After the antigen-antibody reaction was completed, the medium of the reactions was substituted by 2.5 mM 
carbonate buffer (pH 10) to make samples, using an ultra-filtration filter having a cut-off molecular weight of 50000. 

(Procedures) 

40 

[0153] The reaction solutions described above were fed to the electrode substrate having the flow path fonned In 
Reference Example 2 at a flow rate of 800 nm/sec at the sample injection port using a microsyringe pump (KSD 1 00, 
Aishisu Co., Inc.). The applied electric field had a frequency of 1 MHz and an electric field strength of 0.9 MV/m (defined 
as the applied voltage/ 7 jim of the minimum gap), 
45 [0154] The above-mentioned molecule samples were introduced into the sample injection port on the electrode 
substrate, and the amount of fluorescence was measured near the outlet of the flow path with applying the predeter- 
mined electric field for a period of 30 to 80 seconds after introducing each sample. 

[0155] Measurements were carried out by taking fluorescent images every about five seconds at a flow path area 
near the outlet of the flow path under a confocal laser microscope (LSM-GB 200, Olympus Optical Co., Ltd.) and calcu- 
50 lating the sum of brightness values of all the pixels (hereinafter refen-ed to the fluorescence amount). In the measure- 
ments, when perfect confocal images are used, in the case where the distribution of fluorescent intensity takes place 
with the depth of the flow path, accurate results are not obtained. Thus, the orifice on the photomultiplier of the laser 
microscope was opened fully so as to permit to integrate and measure the fluorescence depending on the depth as 
well. 

55 [0156] The capture ratio can be cateulated from the following equation 1 . 

[0157] In these measurements, when the electric field is not applied, the fluorescence amount measured at the 
electrode outlet is equal to that at the inlet, since samples having fluorescence-labeled molecules move on the elec- 
trode structure by means of the syringe pump. However, when the electric field is applied and molecules are attracted 
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Preparation of fluorescein-labeled anti-AFP antibody WA1 Fab': 

[0162] 40 mg of an anti-AFP antibody WA1 was digested with pepsin, and then reduced with 2-anriinoethanethiol 
(WakD Pure Chemicals Industries, Ltd,) to prepare 1 5 mg of the Fab'. 1 5 mg of the anti-AFP antibody WAl Fab' and 150 
5 ]ig of fluorescein isothiocyanate (Wako Pure Chemicals Industries, Ltd.) were mixed In 1 0 ml carbonate buffer solution 
(pH 9), and a fluorescein-labeled anti-AFP antibody WAl Fab' was prepared using a NAP-25 column (Amersham phar- 
macia biotech). 

Reaction: 

10 

[0163] The antigen-antibody reaction was carried out by mixing the components as shown In Table 2 In 50 mM PBS 
(pH 7.5) and allowing standing at room temperature for 2 hours. 



Table 2 



Sample No. 


Anti-AFP antibody A4-4 
immobilized latex 


AFP 


Fluorescein-labeled anti- 
AFP WAl Fab' antibody 


1 


0.10% 


OjiM 


0.70 ^iM 


2 


0.10% 


0.09 


0.70 nM 


..^ 3 


0.10% 


0.1 8 


0.70 \M 


4 


0.10% 


0.35 nM 


0.70 uM 



25 

[0164] After the antigen-antibody reaction was completed, the reaction solutions were diluted 1 00 times with distil- 
lated water, and the resultants were subject to the dielectrophoretic separation. 

(Procedures) 

30 

[0165] Onto the dielectrophoretic electrode described in Reference Example 1 was dropped 20 ^1 of the above- 
mentioned solutions, and a cover glass having each side of 22 mm was placed. Fluorescent images before and during 
applying the electric field were taken using a confocal laser microscope. The applied electric field had a frequency of 
1 00 kHz and an electric field strength of 1 ,4 M V/m. 

35 [0166] Analysis of fluorescent images was performed using an image analysis software Scion Image. After the 
color tone gradation of fluorescent images before and during applying the electric field was averaged, the gradation of 
color tone of images before applying the electric field was subtracted from that during applying the electric field, such 
that only areas having fluorescence increased by applying the electric field were indicated. The densitogram of the 
areas having an increase in fluorescence was obtained to express the increased amount of fluorescence as image out- 

40 put concentration values. 

(Results) 

[0167] As the results of dielectrophoresis on the electrode, the beads moved to a weak region in the electric field 
45 strength due to receiving negative dielectrophoretic forces, and the other biological molecules including the unreacted 
fluorescein-labeled anti-AFP antibody WAl Fab' moved to a strong region in the electric field strength due to receiving 
positive dielectrophoretic forces, and thereby allowing separating, on the electrode, the anti-AFP antibody immobilized 
latex beads/AFP/fiuorescein-labeled anti-AFP antibody WA1 Fab' complex from the unreacted fluorescein-labeled anti- 
AFP antibody WAl Fab'. 

50 [0168] Rgure 9 shows fluorescent images on the electrode taken from the laser microscope before and during 
applying the electric field, when AFP was added at 0.35 jiM. In the samples containing AFP fluorescence had been 
increased on the aluminum electrode due to negative dielectrophoretic forces during applying the electric field, whereas 
in the sample containing no AFP, found no change in images was found before and during applying the electric field. 
These images were processed with Scion Image to obtain densitograms of the band regions where in fluorescence was 

55 increased, and the increased amount of fluorescence was expressed as vnage output concentration values. Figure 10 
shows the relationship between the AFP concentrations and the increased amounts of fluorescence. 
[0169] From results of Figure 1 0, it will be understood that a good dose response is found between the added AFP 
concentrations and the image output concentration values and that AFP can be detected quantitatively. 
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1 8 hours. The sample solution after the hybridization reaction was diluted 1 00 times with distillated water, and subjected 
to dielectrophoresis. 

(Procedures) 

5 

[0180] Procedures were carried out similarly to those in 2-1 , except for employing the electric field having a fre- 
quency of 3 MHz and an electric field strength of 0.9 MV/m. 

(Results) 

10 

[0181] The results are shown in Figure 12. 

[0182] When the solution after hybridization was observed under a fluorescence microscope, only the fluorescence 
of Cy3 with which the X DNA was labeled was observed on the beads. When the electric field was applied after this 
solution was dropped onto the dielectrophoretic electrode, the latex beads received negative dielectrophoretic forces 

15 and moved to a weak region in the electric field strength, so that the fluorescence of Cy3-labeled X DNA bound to the 
2kbDNA probe bound beads was observed at a weak region in a weak electric field strength. In contrast, the fluores- 
cence of fiuorescein-tabeled T7 DNA not bound to the 2kb DNA probe immobilized beads was observed at an edge 
region of the electrode, due to movement to a strong region in the electric field strength by positive dielectrophoresis. 
This Example thus demonstrates that the use of latex beads as a dielectrophoretic separation improving substance will 

20 pemriit to separate and detect a specific DNA molecule among a lot of molecular species. 

[0183] From these results, it is understood that a dielectrophoretic separation improving substance is useful in die- 
lectrophoretic separation for the detection of a substance. 

Experimental Example 1: 

25 

Observation of molecules on the electrode 

(1) Observation of DNA molecules 

30 [0184] As DNA samples were used 1 ml of a ultrapure water solution containing 0.001 mg X DNA (48.5 kb, double 
stranded), which was labeled with a fluorescent reagent YO-PRO-1 (a trade name of Molecular Probes, Inc.) according 
to the method described in R. R Hogland, Handbook of Fluorescent Probes and Research Chemicals, 6th Edition, 
Molecular Probes, Inc. (1996), and 1 mi of a ultrapure water solution containing 0.002 mg of an oligonucleotide (22 
bases, single stranded DNA, prepared by the inventors), which was labeled at the terminal with a fluorescent dye fluo- 

35 rescein when synthesized as a short DNA by a usual method, respectively. 

[0185] In order to examine whether or not DNA molecules undergo dielectrophoresis on the electrode substrate 
manufactured in Reference Example 1 , 1 0 ^1 of the respective DNA samples described above (the labeled X DNA and 
oligonucleotide) was dropped onto the electrode substrate, and the fluorescence of the DNA samples was observed 
under a fluorescence microscope by gradually applying to the electrode an AC voltage with a frequency of 1 MHz. 

40 [0186] tt was observed that the X DNA began to gather to a strong electric field position by dielectrophoresis at 
about 500 kV/m of the electric field strength on the minimum gap between the electrodes. At this electric field strength, 
however, it was not observed that the oligonucleotide gathered to a strong electric field position by dielectrophoresis. 

(2) Observation of protein molecules 

45 

[0187] As protein samples were used a ultrapure water solution containing 0.1 mg of IgM (molecular weight, about 
900 kDa), which was labeled with a fluorescent reagent FITC (fluorescein isothiocyanate, Wako Pure Chemicals Indus- 
tries, Ltd.) according to the method described in H. Maeda, Journal of Biochemistry, 65, 777 (1969), and a ultrapure 
water solution containing 0.1 mg of BSA (molecular weight, about 65 kDa), which was labeled with a fluorescent rea- 
50 gent TRITC (tetramethylrhodamine isothiocyanate, Wako Pure Chemicals Industries, Ltd.) according to the method 
described in H. Maeda, Journal of Biochemistry, 65, 777 (1969), respectively. 

[0188] In order to examine whether or not protein molecules undergo dielectrophoresis on the electrode substrate, 
10 ^1 of the respective protein samples described above (the labeled IgM and BSA) was dropped onto the electrode 
substrate, and the fluorescence of the DNA samples was observed under a fluorescence microscope by gradually 
55 applying to the electrode an AC voltage with a frequency of 1 MHz. 

[0189] It was obsen^ed that the FITC-labeled IgM began to gather to a strong electric field position at about 1.0 
MV/m of the electric field strength on the minimum gap in the electrode. At this electric field strength, however, it was 
barely observed that the TRITC-labeled BSA gathered to a strong electric field position by dielectrophoresis. 
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[0199] These results suggest that 51 DNA and an oligonucleotide can be separated each other by using the sepa- 
ration method of the present invention. 

Example 4: 

5 

Separation of DNA molecules in solutions 

[0200] The respective components were separated from solutions in which X DNA (48.6 kb, double stranded) and 
. an oligonucleotide (22 bases, single stranded DNA). 

70 

(Samp)es) 

[0201 ] Preliminary measurements of fluorescence intensity were carried out to confirm that 5 |xg/ml of X DNA (48.5 
kb, double stranded) labeled with a fluorescent reagent YO-PRO-1 and 2.3 pg/ml of an oligonucleotide (22 bases, single 
15 stranded DNA) labeled with a fluorescent reagent fluorescein at the terminal in the synthesis as a short chain DNA emit 
the same amount of fluorescence each other. As samples were used ultrapure water solutions containing the labeled 
oligonucleotide and the labeled X DNA at given concentrations as shown in the following table 3, based on this result. 



Tables 



Sample No. 


Mixing ratio oligonucle- 
otide:e DNA 


Concentration labeled 
oligonucleotide 


Concentration labeled e 
DNA 


1 


0:1 


0 pg/ml 


10 \ig/m\ 


2 


1:1 


2.3 pg/ml 


5^g/ml 


3 


5:1 


2.3 pg/ml 


1 )ig/ml 


4 


1:0 


2.3 pg/ml 


0(ig/ml 
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(Procedures) 

[0202] The samples were fed to the electrode substrate having the flow path manufactured in Reference Example 
2 at a flow rate of 800 jim/sec at the sample injection port using a microsyringe pump (KSD 100, Aishisu Co., Inc.). The 
35 applied electric field had a frequency of 1 MHz and an electric field strength of 0.86 MV/m or 1 ,02 MV/m, and the pre- 
detemnlned electric field was applied for the period of 30 to 80 seconds after sample injection to measure the fluores- 
cence amounts of the labeled X DNA near the outlet of the flow path. Measurements and the detemiination of the 
capture ratio were candied out as in Experimental Example 2. 

40 (Results) 

[0203] The results are shown in Figure 15, in which the results from the sample having a mixing ratio of 0:1 of the 
labeled oligonucleotide and X DNA is indicated by open circles, the results from the sample having a mixing ratio of 1 :1 
by open squares, the results from the sample having a mixing ratio of 5:1 by +, and the results from the sample having 
45 a mixing ratio of 1 :0 by x. 

[0204] In this Example, taking account of the event where all the X DNA are captured and the oligonucleotide is not 
captured at all. the capture ratio is equal to the percentage of the fluorescence amount derived from the X DNA occu- 
pied in the fluorescence amount of a whole sample. That is, Sample 1 (a sample having a mixing ratio of 0:1 of the 
labeled oligonucleotide and X DNA) should give a capture ratio of 100 %, Sample 2 (a sample having a mixing ratio of 
50 1:1 of the labeled oligonucleotide and A.DNA)should giveacapture ratio of 1/(1+1) = 50%. Sample 3 (a sample having 
a mixing ratio of 5:1 of the labeled oligonucleotide and X DNA) should give a capture ratio of 1/(1+5) = 16.7 %, and Sam- 
ple 4 (a sample having a mixing ration of 1:0 of the labeled oligonucleotide and X DNA) should give a capture ratio of 0 

[0205] From the results shown in Figure 15, it is understood that, when the applied electric field had an electric field 
55 strength of 0.86 MV/m, the capture ratio of the X DNA (Sample 1 ) was 53 % and the oligonucleotide (Sample 4) was not 
captured at all. Additionally, for Sample 2 (a sample of X DNA to oligonucleotide = 1:1), the obtained capture ratio was 
half the above-mentioned value, a little more than 20 %, and for Sample 3 (a sample of X DNA to oligonucleotide = 1 :5), 
the obtained capture ratio was a little less than 10 %. It is understood that these capture ratios are almost consistent 



27 



EP 1 088 592 A2 



stituted with 2.5 mM carbonate buffer (pH 1 0) using an ultra-filtration filter having a cut-off molecular weight of 50000 to 
make samples. 

[021 6] The concentration of 21 \ig/m\ f luorescein-labeled anti-biotin antibody (Cosmo Bio Co. Ltd.) has biotin moles 
equal to those in 10 ^ig/ml biotin-labeled X DNA. 



Table 4 



Sample No. 


Concentration Biotin- 
labeled X DNA 


Concentration Fluores- 
cein-labeled ant-biotin 
antibody 


Concentration unlabeled 
XDNA 


1 


0 ng/ml 


21 |ig/ml 


lOfig/ml 


2 


2.5 ]igfm\ 


21 ng/ml 


7.5 ^ig/ml 


3 


5^g/ml 


21 jig/ml 


5 ^ig/ml 


4 


lOpyml 


21 jig/ml 


O^g/ml 



(Procedures) 

20 

[0217] The electric field strength was 1 .07 MV/m and procedures were carried out at similarly to those in Example 
2. The fluorescence amounts of the fluorescein-labeled anti-biotin antibody in the complex molecules and the free flu- 
orescetn-labeled anti-biotin antibody were measured to detemiine the capture ratio. 

25 (Results) 

[0218] The results are shown in Figure 1 7. As shown from the results in Figure 17, it is understood that the capture 
ratio of the complex molecule was 36 % for a biotin-X DNA concentration of 10 ng/ml, 25 % for 5 jig/ml, 8.9 % for 2.5 
^ig/ml, and 6 % for 0 ^ig/ml, and thus the capture ratio is decreased with decreasing concentrations of biotin-labeled X 
30 DNA. Under sufficient dielectrophoretic conditions for capturing the X DNA at 1 00 %, when unlabeled X DNA of Sample 
1 was applied, the capture ratio was 6 %, whereas applying labeled X DNAs of Samples 2, 3, and 4 gave a significantly 
higher capture ratio. Therefore, it is understood that the separation of complex molecules resulting from the antigen- 
antibody reaction of fluorescein-labeled anti-biotin antibody and biotin-labeled X DNA from free fluorescein-labeled anti- 
biotin antibody not bound to biotin-labeled § DNA can be perfonned with somewhat concentration dependency. 

35 

Advantageous Effect of the Invention 

[021 9] As mentioned above, according to the first method of the present invention, two or more kinds of molecules 
dissolved in a solution which have not allowed separation until now have been successfully separated from one another 
40 for the first time with dielectrophoretic forces by a method of forming a complex substance containing a separation 
improving substance, which have not been carried out in the past Thus, the present invention is a very breakthrough 
invention. 

[0220] Additionally, the second method of the present invention is the first method by which two or 'more kinds of 
molecules dissolved in a solution which have not allowed separation until now have been successfully separated from 
45 one another using dielectrophoretic forces under a strong electi-ic field which have not been employed in the past. 
[0221] According to the present Invention, the respective molecules can be rapidly and readily separated from a 
solution in which are dissolved two or more kinds of molecules, such as biological component molecules, for example, 
DNAs and proteins, which have not allowed separation by dielectrophoretic forces until now. 

50 Claims 

1. A method for separating a complex substance of a "specific molecule" in a sample and a "substance capable of 
changing dielectrophoretic properties of the specific molecule" which binds to the "specific molecule" from mole- 
cules other than the "specific molecule" in the sample, comprising 

55 

forming the complex substance of the "specific molecule" and the "substance capable of changing dielectro- 
phoretic properties of the specific molecule", and 

applying the resulting reaction mixture containing the complex substance to dlelectrophoresis, and 
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binds to the "specific molecule" to form a labeled complex substance of the "specific molecule labeled by the 
labeling substance" and the "substance capable of changing dielectrophoretic properties of the specific mole- 
cule", 

applying the resulting reaction mixture containing the labeled complex substance to dielectrophoresis, 
5 separating the labeled complex substance from the "specific molecule labeled by the labeling substance" 

which is not involved in forming the complex substance, 

measuring the "specific molecule labeled by the labeling substance" in the separated labeled complex sub- 
stance or the "specific molecule labeled by the labeling substance" which is not involved in forming the complex 
substance, and 

10 determining an amount of the component in the sample on the basis of the measurement result. 

8. The method according to any one of claims 1 to 7, wherein the sample containing the "specific molecule" is a sam- 
ple derived from a living body, or a treated material of the body-derived sample. 

75 9. The method according to any one of claims 1 to 8, wherein the "substance capable of changing dielectrophoretic 
properties of the specific molecule" is a substance which can give to the "specific molecule" dielectrophoretic prop- 
erties, on the basis of which the "specific molecule" can be separated from molecules other than the "specific mol- 
ecule" contained in the sample by dielectrophoresis , by binding the "specific molecule". 

20 10. The method according to any one of claims 1 to 9, wherein the "substance binding to the specific molecule" is a 
substance which binds to the specific molecule by an ''antigen''-"antibody" reaction, a "sugar chain'-"lectin" reac- 
tion, an "enzyme"-''inhibitor" reaction, a "protein"-"peptide chain" reaction, a "chromosome or nucleotide chain"- 
"nucleotide chain" reaction. 

25 1 1 . A kit for measuring a component in a sample, comprising a "substance capable of changing dielectrophoretic prop- 
erties of the specific molecule" in the sample, which can fonn a complex substance with the "specific molecule". 

12. A kit for measuring a component in a sample comprising a "substance binding to a specific molecule" in the sample 
and a "substance capable of changing dielectrophoretic properties of the specific molecule", wherein these sub- 

30 stances can fomn a complex substance with a "specific molecule" in a sample. 

13. The kit according to claim 1 0 or 12, further comprising a combination with a dielectrophoresis apparatus. 

14. A method for separating two or more kinds of molecules, each other, which comprises placing a solution in which 
35 the two or more kinds of molecules are dissolved under a nonuniform electric field having an electric field strength 

of 500 KV/m or higher, fornied by electrodes which have a structure capable of fomning a nonunifonn electric field. 

. 15. A method for detecting a molecule to be measured in a sample, which comprisis 

40 reacting a liquid sample, in which a "molecule to be measured" is dissolved, and a solution, in which a "sub- 

stance specifically binding to the molecule to be measured" is dissolved, to obtain a solution in which a com- 
plex substance of the "molecule to be measured" and the "substance specifically binding to the molecule to be 
measured",and the "substance specifically binding to the molecule to be measured" which is not Involved in the 
reaction are dissolved, 

45 placing the solution under a nonunifomi electric field having an electric field strength of 500 KV/m or higher, 

the field being fomied by electrodes which have a structure capable of forming a horizontally and vertically unu- 

niform electric field, 

separating the complex substance from the "substance specifically binding to the molecule to be measured" 
which is not involved in the reaction, 
so measuring the "substance specifically binding to the molecule to be measured" in the complex substance, and 

detecting the presence or absence of the " molecule to be measured" in the sample on the basis of the meas- 
urement result. 

16. A method for measuring a substance to be measured in a sample, which comprises 

55 

reacting a liquid sample, in which a "molecule to be measured" is dissolved, and a solution , in which a "sub- 
stance specifically binding to the molecule to be measured" is dissolved, to obtain a solution in which a com- 
plex substance of the "molecule to be measured" and the "substance specifically binding to the molecule to be 
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FIG, 10 
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FIG. 14 
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FIG. 17 
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binds to the "specific molecule" contained therein, and 
thereby separating the complex substance and the mol- 
ecules other than the specific molecule in the sample 
from each other. The second method is a method com- 
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molecules are dissolved under a strong electric field 
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